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INTRODUCTION
Rye (Secale cereale) is a member of the Triticeae tribe of the Pooideae subfamily of grasses. It is closely related to wheat (Triticum aestivum) and barley (Hordeum vulgare) and provides a main cereal for food and feed in Eastern and Northern Europe. Rye, in contrast with wheat and barley, is allogamous, and reproduction is controlled by a bifactorial self-incompatibility system promoting outcrossing (Lundqvist, 1956) . A combination of male sterility inducing cytoplasms and nuclear-encoded fertility-restorer genes forms the basis of efficient hybrid breeding in rye for improved exploitation of heterosis (Geiger and Miedaner, 2009) . Elevated abiotic stress tolerance to frost, drought, and marginal soil fertility make rye a perfect model for functional analyses and consequently improvement of cereal crops like wheat and barley, which are less tolerant to abiotic stress.
Rye has a large (1C = 8.1 Gb; Dole zel et al., 1998) diploid genome (2n = 2x = 14), nearly 50% bigger than the barley genome. It is unknown whether this results from higher amounts of repetitive DNA only or if rye also contains more genes than other diploid Triticeae species. Similar to wheat and barley, the center of origin of genus Secale is in the Near East. Rye was domesticated during the Neolithic Era (7000 years ago) in Anatolia and later in Europe, where it first spread as a weed in wheat and barley fields (Sencer and Hawkes, 1980; Willcox, 2005) . Rye and wheat diverged seven million years ago, and both lineages and the barley lineage diverged from a common Triticeae ancestor around 11 million years ago (Huang et al., 2002) .
Despite extensive synteny to barley (H genome) and wheat (A, B, and D genomes), the rye genome (R) has undergone a series of rearrangements, as revealed by comparative restriction fragment length polymorphism (RFLP) mapping (Devos et al., 1993) . Collinearity to wheat was disturbed by a series of translocations involving all chromosomes but 1R. It was postulated that a translocation involving the long arms of linkage groups 4 and 5 (4L/5L) occurred before the split of the wheat and rye lineages, since it is present in various Triticeae species and in the A genome of wheat (Moore et al., 1995; Mayer et al., 2011) . Subsequent reorganization events involving several other chromosome arms were proposed (Devos et al., 1993) . Comprehensive genomewide analysis of the level of conserved synteny and extension of rearrangements between rye and other Triticeae genomes has so far been hampered by lack of genomic resources in rye.
High-density gene-based marker maps are important prerequisites for studying genome organization and evolution. Such maps in barley (Stein et al., 2007; Close et al., 2009; Sato et al., 2009 ) and wheat (Qi et al., 2004) allowed detailed comparisons to sequenced model grass genomes like rice (Oryza sativa), Brachypodium distachyon, and sorghum (Sorghum bicolor) (International Rice Genome Sequencing Project, 2005; Paterson et al., 2009; International Brachypodium Initiative, 2010) . A dense gene-based genetic map of barley together with conserved synteny information of the above mentioned three model grass genomes provided the framework to integrate a linear gene order model comprising more than 21,000 barley genes. The gene content information of barley was obtained by survey sequencing of amplified DNA from individually sorted chromosomes (Mayer et al., 2009; Mayer et al., 2011) . Thus genome size, which hampered systematic sequencing of Triticeae genomes for long time, could be turned into an advantage in Triticeae genome analysis since chromosomes can be sorted and enriched from different Triticeae species including rye (Kubaláková et al., 2003; Dole zel et al., 2012) .
For rye, existing genetic maps comprised limited numbers of gene-based markers (Gustafson et al., 2009; Hackauf et al., 2009) or were composed of anonymous genomic Diversity Arrays Technology markers (Milczarski et al., 2011) . Recently, a large data set of gene-based single nucleotide polymorphisms (SNPs) could be data-mined from RNA sequencing data of rye, providing the basis for developing a high-throughput SNP genotyping assay comprising 5234 markers (Haseneyer et al., 2011) . In this study, this SNP assay was employed to build a high-density transcript map of rye. Together with chromosomal survey sequences (CSSs) generated from flow-sorted and amplified rye chromosomes, a highdensity linear gene-order map could be established. This provided the basis for in-depth comparative genetic analysis between rye and other grass genomes, leading us to propose a revised model of rye genome evolution. Global sequence conservation and synteny and phylogenetic network analysis revealed a heterogeneous composition of the rye genome, indicating its reticulate evolution (evolutionary relationships do not fit a simple bifurcate tree but instead fit a network structure), which can be linked to a series of translocations that shaped the rye genome. We postulate that this was the result of introgressive hybridization and/or allopolyploidization events. The outbreeding lifestyle of rye might have facilitated interspecies introgressive hybridization, thus providing an important prerequisite for the formation of the modern rye genome.
RESULTS

A High-Density Transcript Map of Rye
A high-density gene-based marker map of rye was developed by genotyping 495 recombinant inbred lines (RILs) from four mapping populations with a previously published Rye5K Infinium Bead Chip (Haseneyer et al., 2011) comprising 5234 SNP markers (Table 1 ). In addition, 271 Expressed Sequence Tag (EST)-SSR (for simple sequence repeat) markers were genotyped in two of the populations. Between 782 and 2158 SNP and SSR markers were mapped in the four individual mapping populations (Table 1 ). An integrated high-density genetic map comprising 3543 genebased markers and 45 anchor markers (providing links to previous work in rye ; Hackauf et al., 2012) 
Composition of Rye Chromosomes Revealed by Survey Sequencing
Individual rye chromosomes were purified and used as template for CSS using Roche/454 technology. We obtained between 1.02 (chromosome 1R) and 1.43 (4R) Gb of sequence per chromosome. In total, 8.25 Gb provided sequence coverage between 0.93-and 1.17-fold (average 1.04-fold) for each individual chromosome fraction (Table 2 ). The expected base pair coverage was calculated to range between 60.5 and 68.9% (average 64.6%; Table 2 ). The estimated values were tested by comparing the CSS data sets against the available genetically anchored sequence markers. An average marker detection rate (sensitivity) of 78.7% was observed, and for all individual chromosomes, the theoretically expected Lander-Waterman values were significantly exceeded. The average specificity of 92.6% (Table 2 ) correlated well with cytological estimates of the average individual chromosome fraction purity of 93.5% obtained by fluorescence in situ hybridization on specimens prepared from sorted chromosome fractions.
To identify the fraction of CSS reads containing gene and/or exon sequence, we masked all repetitive DNA sequences. About 74% of the CSS sequences consisted of repetitive DNA elements (see Supplemental Table 1 online). The remaining 2.2 Gb Paterson et al., 2009; International Brachypodium Initiative, 2010) . Overall, sequence similarity was obtained for a nonredundant set of 31,008 genes. On the basis of the previously determined sensitivity of the sequence data sets, more than 39,400 genes thus can be estimated for the rye genome.
Virtual Linear Order of 22,426 Rye Genes (Genome Zipper)
Previously, we introduced the concept of developing virtual linear gene order maps (genome zippers) by integrating CSS data with dense gene-based marker maps and conserved synteny information from sequenced model grass genomes (i.e., B. distachyon, rice, and sorghum) (Mayer et al., 2009 . We followed this approach for the rye CSS data. In the first step, a comparison of genes constituting the transcript map of rye established the putatively orthologous (conserved syntenic) regions of the model grass genomes. Subsequently, all coding sequences from CSS data were compared against genes from these reference genomes. Based on genes located in corresponding syntenic blocks of the respective model grass genomes and identified with rye CSS data, it was postulated that the putatively orthologous genes are present in a conserved order in rye as well. Hence, the high-density transcript map of rye provided the scaffold to position and orient blocks of conserved syntenic genes between rye and the model grass genomes. A total of 10,833 barley cDNAs, 20,370 nonredundant rye ESTs, and between 11,869 and 14,086 genes from reference genomes (see above) were unambiguously associated with rye CSS sequences (Table 3) . Between 2693 (6R) and 3595 (2R) genes were assigned in linear order along individual rye chromosomes (Table 3 ; see Supplemental Data Sets 1 to 7 online). Overall, 22,426 rye genes were positioned along the genome. Thus, we were able to position 72% of all detected rye genes (22,426/31,008) .
Conserved Synteny between the Genomes of Rye and Barley
The close evolutionary relationship between rye and barley is reflected in extensively conserved synteny. On the basis of the above presented linear gene-order map of rye, structural . The 3R marker corresponded to almost the entire chromosome 3H and a region on 6HL, while 4R-tagged regions on 4H and segments from the short arms of 6H and 7H. Chromosome 5R tagged regions on 5H and 4HL. Chromosome 6R is homoeologous with most, but not all, of chromosome 6H and with the long arms of 3H and 7H. Chromosome 7R is composed of segments with homoeology to parts of 4HL, 5HL, and 7HL as well as to parts of 2HS and 7HS. All seven genetic centromeres in rye and barley ( Figure 2 ) are conserved at syntenic positions and were not involved in translocations in rye. They thus remained conserved since the divergence of a common ancestor. Overall, we identified 17 conserved syntenic segments between rye and barley that make up both genomes and allow us to propose a revised model of rye genome evolution ( Figure 3 ). This model describes a series of six translocation events that account for the major pattern of rearrangements between rye and barley.
Conserved Synteny to Model Grass Genomes Is Nonuniform between Rye and Barley
Based on the extent of conserved synteny between rye and barley, we compared the global pattern of conserved synteny to sequenced model grass genomes. Overall, rye and barley contain very similar numbers of conserved syntenic genes when compared with B. distachyon, rice, and sorghum (see Supplemental  Table 2 and Supplemental Figures 3 and 4 online; Figure 2 ). Comparing the rye (this study) and barley genome zippers, which are established by integrating synteny information with regard to the same three model grass genomes, both species share 64 to 66% (14,408) of the 22,426 and 21,766 respective genome zipper loci. Given the large number of rearrangements between the rye and barley genomes, we addressed the question whether all conserved syntenic blocks between both genomes contain proportional numbers of conserved syntenic genes in comparison to the three model grass genomes. We surveyed all 17 conserved syntenic regions between rye and barley individually. In most cases, barley and rye segments carried similar or equal numbers of conserved syntenic Schlegel et al. (1987) , and 1 pg = 0.978 Mb . b Expectation was calculated using the Lander Waterman expectation (Lander and Waterman, 1988) . Additionally, most segments contained also a similar fraction of conserved genes that were uniquely shared between either rye or barley and any of the three model genomes. However, four out of the 17 segments revealed pronounced deviations from this equilibrium. As an example, the distal conserved syntenic segment of chromosome 3R (denoted as 3R.2 in Figure 4 ) contained 10 to 16 times fewer conserved syntenic genes (30 to 48 genes) to B. distachyon, rice, and sorghum than the putative orthologous segment of barley 6H (190 to 250 genes). Opposite examples were found for the most proximal segments of 7R (7R.4) or 4R (4R.1) (see Supplemental Figure 5 online) carrying up to 8 times more conserved syntenic genes to B. distachyon, rice, and sorghum than the respective segments of barley chromosomes 2H and 4H. The observed patterns could be due to differential retention of paralogs in rye and barley, differential evolutionary fate of conserved syntenic chromosome segments, or, in part, different evolutionary origins Rye genome reorganizations occurring in the common ancestor of rye and wheat (translocation between chromosomes 4 and 5) and divergence of the two lineages are postulated. Three of the five translocations that occurred after the split of wheat can be ordered, while for two the order cannot be deduced. They may have occurred in parallel or consecutively.
of the corresponding segments and/or their parts. We found significant differences between the syntenic segments of rye and barley regarding the number of conserved syntenic genes for each of the three reference genomes (Pearson's x 2 test; 32 df; P < 1 3 10 26 ).
Varying Sequence Identity Thresholds in Conserved
Syntenic Segments Indicate Reticulate Evolution of the Rye Genome
The observation of unbalanced conserved syntenic gene content of orthologous genome segments of rye and barley in comparison to model grasses prompted us to expand our analysis toward testing for sequence conservation of the involved genes. We assessed sequence conservation of all anchored genic sequence reads assigned to the 17 rye genome segments against a set of 28,622 full-length cDNAs (fl-cDNAs) of barley (Matsumoto et al., 2011) . Corresponding orthologous genes and gene segments were selected using a first best hit criterion, and matching sequence regions had to exceed 100 nucleotides ($30 amino acids). We plotted the sequence identity distribution for the 17 rye genomic fragments as heat map distributions ( Figure 5A ) and performed hierarchical clustering including 10,000-fold bootstrap resampling of sequence identity distributions for the respective segments. A broad distribution of sequence identity profiles was observed. Many segments (7R.3, 5R.1, 6R.1, 3R.1, 1R.1, 2R.2, and 4R.1) revealed overall sequence similarity in a relatively narrow range grouped around a maximum at 95% sequence identity. However, several individual segments (e.g., 2R.1, 3R.2, 6R.2, 6R.3, 4R.3, and 7R.4) exhibited a significant shift toward lower maximum sequence identity ( Figure 5A ). Statistical significance of sequence identity values was tested for segment-specific distributions also considering the amount of genes in the respective segment using a permutation test. For segment 2R.1, results were inconclusive, similar to previous results from the bootstrap clustering, most likely due to its small size. Strikingly, most segments involved in rye lineage specific translocations (Figures 3 and 5) showed deviating identity profiles and grouped more distantly by hierarchical clustering ( Figure 5B ). We expanded this analysis and measured synonymous (K s ) and nonsynonymous (K a ) substitution rates between rye/barley orthologs that were identified in the 17 conserved syntenic genome segments (see Supplemental Figure 6 online). Similar to the findings reported above, chromosomes 2R to 7R, all of which are composed of different syntenic segments with respect to barley, showed heterogeneous K s mean and median values. The K s distribution between the groups was significantly different (KruskalWallis-test; P < 0.004351). However K a /K s values for the individual segments did not reveal pronounced differences; hence, no pattern of potential positive selection on individual genomic segments could be observed that might have caused the pronounced shifts in sequence similarities found for the individual rye segments.
Phylogenetic Analysis of Rye Chromosome Segments Indicates Variable Phylogenetic Networks
In a subsequent step, we analyzed the similarities and differences in phylogenetic networks for the 17 syntenic segments found in the rye genome. For each segment, we selected corresponding genes from five grass genomes for which either complete or draft genome sequences in different depth and resolution are available. Besides the rice genome that served as an outgroup, we also used Venn diagrams show the absolute number of conserved syntenic rye (yellow) and barley (gray) genes in comparison to the reference grass genomes of B. distachyon, rice, and sorghum. The bars below depict the percentage of distribution of reference genes shared by barley and rye (white), or rye (yellow) and barley alone (gray), respectively. While the 3R.1 fragment shows a balanced conserved syntenic pattern, the second fragment 3R.2 showed 10-fold less conserved syntenic genes in comparison to the corresponding barley segment. (A) Rye gene-based chromosome survey sequences of the 17 conserved syntenic genome segments were compared with the putative barley orthologs (on the basis of fl-cDNAs) and the distribution of percentage of sequence identity is depicted by heat maps for each conserved block (max = highest no. of reads per segment with the given identity value; each block has its own maximum). The segments showed nonuniform sequence conservation patterns. (B) The obtained sequence identity values were grouped by hierarchical clustering (average linkage, Euclidean distance) with the aim to find similarities between segments that could indicate their origin from the same progenitor genome and translocation or introgression event.
the genome of B. distachyon, the barley genome, and the recently published genome sequences of the two diploid wheat subgenome progenitor species Aegilops tauschii and Triticum urartu (Jia et al., 2013; Ling et al., 2013) . Corresponding genes were selected using a bidirectional best BLAST hit criterion, and a total of 705 gene clusters were generated and analyzed for phylogenetic networks (see Supplemental Figure 7 online). This analysis revealed that, consistent with the clustering results obtained using sequence conservation (Figure 5 ), rye genomic segments group differently in the phylogenetic networks. For eight rye segments (1R.1, 2R.2, 3R.1, 4R.2, 5R.1, 6R.1, 7R.2, and 7R.3), results indicate phylogenetic positioning of rye between barley and the wheat lineage (Ae. tauschii and T. urartu), but for other segments, the network structure was different, with varying relationship differences (e.g., 4R.1 found to group distant from the Triticeae). In addition, even within segments we found evidence for reticulate evolution for several segments (4R.3, 5R.2, 6R.2, and 7R.1). Thus, in summary, the phylogenetic networks for the 17 rye segments showed pronounced differences and even within some of the segments evidence for reticulate evolution was found.
DISCUSSION Rye Genome Unlocked by Chromosomal Genomics
Wheat, barley, and rye are very closely related cereal crop species that were domesticated during a very narrow time span during the Neolithic Era. Their domestication was of critical importance for the establishment of early civilizations of the Fertile Crescent area in Near East and the spread of agriculture to Europe and Asia. For understanding evolution and domestication of the three species, as well as for any molecular genomic crop improvement strategy, it is a prerequisite to have access to (complete) genome sequence information. Significant progress has recently been reported for barley International Barley Genome Sequencing Consortium, 2012) , wheat (Brenchley et al., 2012) , and diploid wheat progenitor species (Jia et al., 2013; Ling et al., 2013) . In this study, the rye genome could be unlocked by a combined approach of chromosomal genomics and conserved synteny analysis, providing comprehensive access to gene content as well as linear gene order information of about two thirds of the predicted rye genes.
We adopted an in silico method to establish so-called genome zippers to develop virtual linear gene order models that comprise considerable proportions of the genes of the ;8-Gb rye genome. This advance delivered an enabling platform for future genomebased rye research and improvement but also for high-resolution comparative analysis of related Triticeae species and grass genomes in general. The procedure integrated gene content information with a dense genetic map and conserved synteny information provided by reference sequences of related model grass genomes. The method has been proven successful and powerful for barley , Lolium , and wheat chromosome 4A (Hernandez et al., 2012) . We used DNA amplified from flow-sorted rye chromosomes to generate CSS data, and ;31,000 genes were detected by sequence comparisons. Based on the measured sensitivity, ;40,000 genes can be postulated for the entire rye genome. However, this number might be overestimated since gene fragments and pseudogenes are abundant in Triticeae genomes Wicker et al., 2011; International Barley Genome Sequencing Consortium, 2012) , and due to the limited sequence coverage of the presented data sets, conclusions about the total gene set remain preliminary. Overall, this number is higher than, but comparable to, previous gene counts reported for other Triticeae genomes and rye chromosomes Martis et al., 2012; International Barley Genome Sequencing Consortium, 2012) , suggesting that haploid gene content is similar in rye, barley, and wheat. A total of 22,426 genes (72% of the postulated genes) could be integrated into the rye genome zippers on the basis of the newly developed high-density genebased genetic map of rye and conserved synteny information of the sequenced genomes of B. distachyon, rice, and sorghum. This number is similar to previous work, which identified 21,766 genes using the genome zipper approach for barley .
Genome Collinearity between Rye and Barley
Synteny of grass genomes has been intensively studied, starting about two decades ago, on the basis of comparative RFLP mapping. Grass genomes share extensively conserved synteny and a circular model to visualize collinearity between smaller (i.e., rice) and larger grass genomes (i.e., Triticeae) was introduced (Moore et al., 1995) . This model has been repeatedly revised as higher density maps became available for individual species (Devos, 2005) and recently has been enriched for information on ancient whole-genome duplication events leading to a refined model of grass karyotype evolution (Murat et al., 2010) . We used the rye genome zippers developed in this work to reassess Triticeae genome collinearity and identified 17 segments representing the rye genome and exhibiting conserved synteny to the barley genome (International Barley Genome Sequencing Consortium, 2012). Rye chromosome 1R was the only linkage group that was collinear over its entire length to a single barley chromosome (1H). All other rye chromosomes were composed of between two and four segments corresponding to individual regions on the barley genome. However, our findings largely confirm earlier studies at unprecedented density and resolution since previous descriptions relied on mapping of 150 RFLP markers (Devos et al., 1993) in comparison to wheat. The major patterns of rearrangement between rye and barley can be described as a series of six subsequent translocation events, which we illustrate in a revised model of rye genome evolution. Starting from a set of seven ancestral Triticeae chromosomes that most closely resemble in organization the modern barley (HH) and Ae. tauschii (DD) genomes, four translocation events in rye can be sequentially ordered while the succession of two additional events remains uncertain. The initial translocation between ancestral chromosomes a4 and a5 is very similar and possibly homologous to a reciprocal translocation reported for the 4A and 5A chromosomes of wheat (Naranjo et al., 1987; Liu et al., 1992) . In this scenario, three subsequent translocations between the ancestral chromosomes a3 and a6, a6 and a7, and a7 and a4 would have occurred. The two remaining translocations (a2/a7 and a6/a4) have likely taken place after the three preceding translocations. However, their sequential order remains unclear and both events may have occurred at the same time.
What Mechanisms Have Shaped the Modern Rye Genome?
The unprecedented access to rye genomic sequence information provided with this study as well as the detailed genome sequence information recently published for barley (International Barley Genome Sequencing Consortium, 2012) allowed a detailed comparative analysis of conserved orthologous genomic segments between both genomes. This revealed that individual conserved syntenic genomic segments of rye and barley carried strikingly different numbers of putatively conserved orthologous genes in comparison to the model grass genomes of rice, B. distachyon, and sorghum. Furthermore, the genes of defined conserved syntenic rye genome segments exhibited significantly different signatures of sequence conservation if compared with their putatively orthologous barley gene sequences.
Analysis of synonymous and nonsynonymous substitutions did not provide any evidence of different selective pressure among the different genomic regions of rye, but phylogenetic analysis of individual rye genomic segments revealed pronounced differences in their relationships to the five compared grass species. The observed network structures are largely consistent with the results obtained by comparison of global sequence similarities of genes found in specific genomic segments. For eight of the segments, the consensus tree/network structure positions rye between barley and the wheat lineage, but for the other segments, differing phylogenetic networks were found. It is noteworthy that patterns of reticulate evolution were found in four of the segments. Thus, overall, we conclude that the rye genome represents a concatenation of genomic segments with, in part, differing evolutionary origins. Hence, the rye genome, to some extent, was likely shaped by introgressive hybridization or reticulate evolution.
It is important to note that reticulate genome evolution was postulated recently for rye by a multigenic phylogeny analysis (one chloroplast gene, 26 nuclear genes) of different Triticeae species (Escobar et al., 2011) . Reticulate evolution or hybrid speciation was postulated to have occurred frequently during plant evolution (Kellogg and Bennetzen, 2004; Linder and Rieseberg, 2004; Mallet, 2005) . In the Triticeae, it may have occurred in diploid species (Kellogg et al., 1996; Escobar et al., 2011) , but it has been most frequently postulated for allopolyploid Triticeae genera (Kellogg et al., 1996; Mason-Gamer, 2004; Mason-Gamer et al., 2010; Mahelka et al., 2011) . Reticulate or hybrid speciation can occur (reviewed in Linder and Rieseberg, 2004) as a consequence of allopolyploidization, which involves fusion of unreduced gametes, or instant genome duplication after fusion of haploid gametes, giving rise to a fertile hybrid species in which diploid parental genomes are maintained. This mechanism has been documented in a number of taxa, including Brassica and Triticum (Snowdon, 2007; Feldman and Levy, 2012) . Reticulate speciation can also occur by diploid (homoploid) hybrid speciation, which involves fusion of reduced gametes of parental species (reviewed in Rieseberg, 1997; Linder and Rieseberg, 2004) . Allopolyploid formation had a major impact on wheat evolution and provided advantages to new plant species to colonize new niches (Levy and Feldman, 2002; Matsuoka, 2011) . Diploid hybrid species of sunflower (Helianthus annuus) exhibited a selective advantage over their parental species in more extreme habitats, as demonstrated by resynthesized hybrid species (Rieseberg et al., 2003) . In the sedge species Carex curvula, it has been postulated that interspecies hybrid formation could have provided an advantage under changing environmental conditions (Choler et al., 2004) . Furthermore, chromosomal aberrations and spontaneous aneuploidy were observed to occur at higher frequency in Aegilops speltoides populations in marginal environments (Belyayev and Raskina, 2013) .
Whether allopolyploid or diploid hybrid speciation provided more likely mechanisms shaping the modern rye genome remains speculative. Given the diploid nature of today's rye, it seems more intuitive to propose that rye underwent one or more diploid hybrid speciation events. The obligate outbreeding nature of rye may support that diploid hybrid speciation played a role in rye evolution since there is a strong correlation between outcrossing and diploid hybrid speciation in plant species with a confirmed reticulate evolutionary history (reviewed in Rieseberg, 1997) . In this study, we found no obvious evidence of the allopolyploid nature of the rye genome. We identified no traces of additional whole-genome duplication (data not shown), besides the one shared by rice and other Triticeae species (Salse et al., 2008; Thiel et al., 2009 ). However, in comparison to the closely related barley and wheat genomes, rye has a 50% bigger monoploid genome, and it carries the highest number of translocations in comparison to a postulated ancestral Triticeae progenitor genome. It is tempting to speculate that rye genome evolution involved one (or more) episode(s) of polyploidization and/or interspecific hybridization between as yet unknown species leading to allopolyploidization. Thus, modern rye genome structure with seven chromosomes would be the outcome of extensive karyotype repatterning and diploidization. Cytological studies of interspecific hybrids in the genus Secale indicated that cultivated rye differs by three reciprocal translocations from its putative wild ancestors (Stutz, 1972; Singh and Röbbelen, 1977) . It was hypothesized that cultivated rye S. cereale evolved from Secale vavilovii possibly after multiple introgressions from Secale montanum/Secale strictum. This is consistent with the idea of reticulate evolution of the genome of S. cereale with multiple introgression events and could also explain the different levels of sequence homology to barley for the individual corresponding genomic segments. Reciprocal translocations in combination with dysploid chromosome number reduction could explain how rye returned to a diploid status with extensive collinearity to the present day diploid Triticeae genomes (mechanism reviewed in Schubert and Lysak, 2011) . In this scenario, the increased monoploid genome size of rye and the slightly increased gene content in comparison to diploid barley and wheat genomes may represent remnants of the allopolyploid origin of rye. The presence of B chromosomes in rye provides more support for the hypothesis that interspecies hybridization played a role in rye genome evolution (B chromosomes are absent in barley and wheat). B chromosomes are supernumerary chromosomes that do not follow Mendelian inheritance and may origin from standard A chromosomes after interspecific hybridization (reviewed in Camacho et al., 2000) ; however, they may also form without the need of hybridization. Survey sequenced flow-sorted rye B chromosomes carried thousands of gene signatures with homology to rye chromosomes 3R and 7R (Martis et al., 2012) . Thus, rye B chromosomes can also be interpreted as side products of reorganization of the genome after hybridization or whole-genome duplication and subsequent rediploidization. In this scenario, the B chromosomes and their apparent correspondence to regions of the A genome can be seen as indicative for genomic segments that got eliminated from the A genome during the reshaping/diploidization process.
Outlook
Next-generation sequencing and chromosome flow sorting allowed us to greatly improve the genomic resources for rye genome analysis. This will facilitate future work toward molecular crop improvement as well as the more targeted characterization and utilization of genetic resources and crop wild relatives in rye breeding. The global analysis of conserved synteny and sequence conservation to related grass species provided a comprehensive novel insight into current state rye genome organization and indicates a history of the rye genome possibly involving reticulate evolution. With the recent relatively easy access to genome-wide sequence information, even from large genomes like those of the Triticeae, a much more fine-grained picture of grass species evolution can be expected for the near future that will provide us with novel insights into the dynamics of grass genome evolution over time.
METHODS
Plant Material
Four mapping populations, Lo7xLo225, P87xP105, Lo90xLo115, and L2039-NxDH, were employed for high-throughput genotyping. Lo7xLo225 was derived from an interpool cross between two inbred lines Lo7 and Lo225 by KWS LOCHOW, and 131 RILs (F4) from this cross were developed at the Julius Kühn-Institut. For P87xP105, 69 RIL F6 lines were derived from a pair of reciprocal crosses of the two inbred parents P87 and P105. The population was developed at the Institute of Genetics and Cytology, Minsk, Belarus, by T.S. Schilko (Korzun et al., 1998) . For Lo90xLo115, 220 RIL F4 lines were obtained from a cross between two inbred lines Lo90 and Lo115 by KWS LOCHOW. For L2039-NxDH, 100 RIL F9 lines that originate from an interpool cross between an elite inbred nonrestorer inbred line (L2039-N source: HYBRO) as female parent and a doubled haploid (DH) recombinant line (L285xL290, developed at the University of Hohenheim, Germany) were established at the Julius Kühn-Institut.
Molecular Marker Resources
A custom rye (Secale cereale) 5k Illumina iSelect array comprising 5234 EST-derived SNP markers (Haseneyer et al., 2011) was used for highthroughput genotyping. Furthermore, 1385 gene-based SSRs were datamined and evaluated for their use as SSR markers from previously published rye EST resources (Haseneyer et al., 2011) by applying the software tool Misa (Thiel et al., 2003) . In addition, 45 more markers (SSR and STS) previously mapped in different rye populations (Hackauf et al., 2009 (Hackauf et al., , 2012 provided anchoring information to other published genetic maps of rye and to assign the obtained L2039-NxDH-linkage groups to the seven rye chromosomes and for orienting chromosome maps. The marker TC427 (ALDH2b) was derived from a rye mitochondrial aldehyde dehydrogenase mRNA sequence (GenBank accession number AB084896.1) and assayed using the primer pair 59-TGTCCCTGGTTGAAAAACAG-39 and 59-TGATGTATGGCTGGAAAGTTG-39 as previously described (Hackauf and Wehling, 2005) .
SNP Genotyping and Data Processing
A total of 300 ng of genomic DNA per plant was used for genotyping on the Illumina iScan platform with the Infinium HD assay following manufacturer's protocols. The fluorescence images of an array matrix carrying Cy3-and Cy5-labeled beads were generated with the two-channel scanner. Raw hybridization intensity data processing, clustering, and genotype calling (AA, AB, and BB) were performed using the genotyping module in the GenomeStudio software V2009.1 (Illumina). Genotyping data were cleaned by excluding SNP markers with (1) a GenTrain score < 0.6, (2) >10% missing data, or (3) monomorphic pattern.
Genotyping EST-Derived SSR Markers
A total of 688 EST-derived rye SSR markers were screened for polymorphism in four parents (Lo7, Lo90, Lo115, and Lo225) of two mapping populations (Lo7xLo225 and Lo90xLo115). The respective progenies were genotyped with 271 polymorphic markers. PCR was conducted in a total volume of 20 mL (20 ng of genomic DNA, 13 HotStar Taq PCR buffer, 250 nM each primer, 200 mM deoxynucleotide triphosphates, and 0.5 units of HotStar Taq DNA polymerase [Qiagen]). A touch-down PCR profile was applied (initial denaturation: 15 min at 95°C, 45 cycles: denaturation at 94°C for 1 min, annealing for 1 min [1°C incremental reduction from 65 to 55°C in the first 10 cycles and then 55°C] and extension at 72°C for 1 min [10 min at final extension]). PCR products were resolved on 1.5% agarose gels. Only markers with <10% missing values were used for mapping. Primer sequences of 688 tested and 271 mapped EST-SSRs are given in Supplemental Data Set 8 online.
Construction of Individual and Consensus Linkage Maps
Map construction of populations Lo7xLo225, L2039-NxDH, and Lo90xLo115 was performed with JoinMap 4.0 (Kyazma). Grouping was performed at an independence logarithm (base 10) of odds score between 4.0 and 10.0. For locusordering,themaximumlikelihoodalgorithmwasused.Thegeneticlinkage map of the P87xP105 population was constructed using MSTMap (Wu et al., 2008) at the probability level 1E 27 . The centimorgan distances were calculated by applying the Kosambi mapping function (Kosambi, 1944) . In populations Lo7xLo225 and Lo90xLo115, SSR markers were distributed manually to the SNP-based linkage maps using the software MapManager QTX (Manly et al., 2001) .
A draft consensus map based on the four individual linkage maps was constructed using MergeMap (Wu et al., 2008) . The consensus linkage groups were then compared with the original four homologous linkage groups in order to identify conflicts in marker order. MapChart v2.2 (Voorrips, 2002) and Circos (Krzywinski et al., 2009) were used for graphical representationofthe linkagemaps.Genotyping and detailed map information of the individual and the consensus map are provided as Supplemental Data Sets 9 and 10 online.
Purification and Amplification of Chromosomal DNA for Sequencing
Aqueous suspensions of intact mitotic chromosomes were prepared from root tips of seedlings ('Imperial' rye for 1R and 'Chinese Spring'-'Imperial' wheat [Triticum aestivum]-rye disomic chromosome addition lines for 2R to 7R; Driscoll and Sears, 1971) , and rye chromosomes 1R to 7R were purified using FACSAria SORP flow sorter (BD Biosciences) as described earlier (Kubaláková et al., 2003) . Approximately 20,000 copies of each rye chromosome were flow-sorted, and their DNA was purified and multiple-displacement amplified (MDA) by the Illustra GenomiPhi V2 DNA amplification kit (GE Healthcare) in three independent reactions as described before (Simková et al., 2008) . MDA DNA samples from each chromosome were pooled prior to sequencing. The identity and purity of sorted chromosome fractions was determined using fluorescence in situ hybridization with pSc119.2 and 5S rDNA probes (Kubaláková et al., 2003) (see Supplemental Figures 8 and 9 online) . The purity of flow-sorted chromosome fractions and resulting quantities of amplified chromosomal DNA are summarized in Supplemental Table 3 online.
Roche/454 Sequencing DNA amplified from sorted chromosomes was used for Roche/454 shotgun sequencing. Five micrograms of individual chromosome MDA DNAs was used to prepare the 454 sequencing libraries with the GS Titanium General Library Preparation Kit following the manufacturer's instructions (Roche Diagnostics). The 454 sequencing libraries were processed utilizing the GS FLX Titanium LV emPCR (Lib-L) and GS FLX Titanium Sequencing (XLR70) kits (Roche Diagnostics) according to the manufacturer's instructions. Statistics and details about the CSS data are summarized in Table 2 and Supplemental Table 1 online. Base pair coverage per chromosome was calculated according to Lander and Waterman (1988) . The estimated values were tested by comparing the CSS data sets against the available genetically anchored sequence markers. The specificity (Sp) of individual rye chromosome data sets was determined as the proportion of false positive (FP) and true negative (TN) sequence matches with genetically anchored markers providing the reference (Sp ¼ nTN nTNþnFP ).
Bioinformatic Analyses: Identification of Repetitive Regions
The repetitive DNA content of CSS data was detected using Vmatch (http:// www.vmatch.de) against the Munich Information Center for Protein Sequences-REdat Poaceae 8.6.2 repeat library (Nussbaumer et al., 2013) . The following parameters were applied: 70% identity cutoff, 100-bp minimal length, seed length 14, exdrop 5, and e-value 0.001.
Analysis of Conserved Synteny
To assess the number of genes present in rye and to determine conserved syntenic regions between rye, barley (Hordeum vulgare; International Barley Genome Sequencing Consortium, 2012) , and the three model grass genomes rice (Oryza sativa; International Rice Genome Sequencing Project, 2005) , sorghum (Sorghum bicolor; Paterson et al., 2009), and Brachypodium distachyon (International Brachypodium Initiative, 2010) , the repeatfiltered 454 sequence reads (with stretches of at least 100-bp nonmasked nucleotides) were compared against the protein sequences of the other grass species using BLASTX. Only homologs with at least 85% (barley), 75% (B. distachyon), or 70% (rice and sorghum) similarity and a minimum length of 30 amino acids were considered. Genes with multiple evidence were counted only once. The number of conserved genes was calculated using a sliding window approach (window size of 0.5 Mb; window shift of 0.1 Mb) and visualized by Circos heat maps (Krzywinski et al., 2009 ).
Generation of Rye Genome Zippers
Genetic map data, chromosomal gene content of rye, and conserved synteny information to model grass genomes were used for developing virtual gene order maps (genome zippers) of all seven rye chromosomes according to the earlier described approach . This framework was substantiated by information based on rye EST assemblies (Haseneyer et al., 2011) and barley full-length cDNAs (Matsumoto et al., 2011) . The genome zipper integration data sets are available as Supplemental Data Sets 1 to 7 online.
Analysis of Rye/Barley Synteny
The 2940 genetic markers of rye were compared via bidirectional BLASTN against 2785 genetic markers of barley , and the homologous pairs were displayed in a scatterplot using matplotlib (Hunter, 2007) . This comparison revealed syntenic segments and various chromosomal rearrangements. The same overall but higher density picture was obtained comparing the nonmasked 454 reads of the rye genome zippers against the physical/genetic barley genome scaffold (International Barley Genome Sequencing Consortium, 2012). The comparison was achieved using BLASTN (Altschul et al., 1990) with (1) the best match with minimum 85% identity and (2) a minimal alignment length of 100 bp. Subsequently, the conserved syntenic regions were detected using a sliding window approach (window size of 5 Mb; window shift of 1 Mb) and visualized by heat maps for each rye chromosome separately. The rye/barley orthologous pairs were defined using bidirectional BLASTN hits with the cutoff values mentioned above and plotted with the help of Circos (Krzywinski et al., 2009 ).
Assessment of Sequence Diversity and Conservation in Rye/Barley Conserved Syntenic Regions of the Rye Genome in Comparison to Other Grass Species
After manual inspection of the syntenic patterns between rye and barley, several distinct syntenic regions with a variable amount of reads (326 to 21,175) and genes (55 to 2,140) were defined. In the next step, these individual fragments were assigned to the virtual gene maps of barley and rye by investigating the rye reads and corresponding barley genes and their position in the genome zipper. To calculate the synonymous (K s ) and nonsynonymous (K a ) substitution rates between barley and rye, the 454 reads of the individual syntenic blocks were compared against the derived protein sequence from barley fl-cDNAs. The protein sequences of the barley fl-cDNAs were predicted using OrfPredictor (Min et al., 2005) . The comparison and identification of protein alignments were done using BLASTX. All first best hits with at least 85% identity and a minimum of 50 amino acids without internal stop codon were filtered for further analysis. The K a /K s substitution rate was calculated using the YN00 module of the PAML 4 suite (Yang, 2007) . In a last step, the average K a and K s values were calculated for those proteins that were tagged by multiple 454 reads. All K s values up to 10 were used for statistical analysis. The K s and K a values were visualized by boxplots using the matplotlib library (MATLAB; MathWorks).
To test the sequence diversity in the syntenic fragments, the 454 reads assigned to the corresponding regions were compared using BLASTN against barley fl-cDNAs (28,622 sequences) (Matsumoto et al., 2011) . The obtained sequence identities of all matches with at least 100-bp alignment length were summarized in bins and plotted. The individual blocks on particular chromosomes showed nonuniform distribution patterns. To group fragments with similar distribution, a hierarchical clustering of the identity bins was performed. We applied a hierarchical clustering, employing the Euclidean distance and average linkage.
Statistical Analysis
The syntenic conservation of both rye and barley against the three reference genomes (B. distachyon, rice, and sorghum) was tested for homogeneity with respect to the degree of syntenic conservation for each segment. For each reference organism, Pearson's x 2 test was applied separately by comparing the numbers of barley and rye genes mapped against the reference across all syntenic fragments.
The significance of the identity values clustering was assessed using bootstrap resampling (B = 10,000) as implemented in the pvclust package in R (Suzuki and Shimodaira, 2006) . The reported approximately unbiased P values indicate the significance of the observed cluster, with values close to 100 showing clusters that have the strongest support. As the segment size varied strongly (326 to 21,175), we tested whether the observed patterns were random by employing a permutation test. For each syntenic segment (sample size N), we randomly drew N identity values from the complete set of identity values and tested whether these were significantly different from the observed values using a Kolmogorov-Smirnov test (Massey, 1951) . This was repeated 10,000 times. These analyses were performed using R (http://www.R-project.org).
Differences between rye and barley distributions of the synonymous substitution rate (K s ) were tested with the Kruskal-Wallis test using the R software package (http://www.R-project.org).
Phylogenetic Analysis
To test for reticulate evolution/introgressive hybridization, the protein sequences of six distinct species (rye, barley, Aegilops tauschii, Triticum urartu, B. distachyon, and rice) that map to the 17 syntenic conserved regions were analyzed. For each segment, corresponding orthologous genes from the respective species were extracted using a bidirectional best BLAST hit criteria against the respective rye genes. To generate sufficient data points for all segments, either clusters of six corresponding genes (from rye, barley, rice, B. distachyon, Ae. tauschii, and T. urartu) or clusters of five corresponding genes (as before but without a corresponding gene from T. urartu) were extracted. A total of 705 gene clusters were generated. For each segment, the amount of gene clusters used varied between 1 and 160. The sequences of each cluster were aligned using MUSCLE (Edgar, 2004) . The maximum likelihood phylogeny inference was constructed using FastTree2 (Price et al., 2010) with the JTT+CAT substitution model and the Shimodaira-Hasegawa test to compute the confidence values of tree branches. The trees were rooted by defining rice as outgroup. The level-k network consensus algorithm implemented in Dendroscope3 (Huson and Scornavacca, 2012 ) was used to combine and visualize the phylogenetic trees for each individual fragment into a single phylogenetic consensus network. Each network represents all clusters from all input trees, if the clusters appear in more than 30%.
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